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Summary

mtDNA sequences were determined from 241 individu-
als from nine ethnic groups in Africa. When they were
compared with published data from other groups, it was
found that the !Kung, Mbuti, and Biaka show on the
order of 10 times more sequence differences between
the three groups, as well as between those and the other
groups (the Fulbe, Hausa, Tuareg, Songhai, Kanuri,
Yoruba, Mandenka, Somali, Tukana, and Kikuyu), than
these other groups do between one other. Furthermore,
the pairwise sequence distributions, patterns of coales-
cence events, and numbers of variable positions relative
to the mean sequence difference indicate that the former
three groups have been of constant size over time,
whereas the latter have expanded in size. We suggest
that this reflects subsistence patterns in that the popula-
tions that have expanded in size are food producers
whereas those that have not are hunters and gatherers.

Introduction

Much interest has focused on mtDNA variation as a
tool to unravel the past of modern humans. The main
reason for this is that the absence of recombination and
the high evolutionary rate of the mitochondrial genome
offer a resolving power unparalleled by any other single
genetic locus in the human genome. Studies of mitochon-
drial genetic diversity on a worldwide scale initially used
restriction-enzyme polymorphism (Cann et al. 1987).
Later this was followed by studies of DNA sequences
of the mitochondrial control region (Vigilant et al.
1991). Both data sets have been used to infer an African
origin for the human mitochondrial gene pool and thus,
by inference, for modern humans. This conclusion has
been contested (e.g., see Hedges et al. 1992; Maddison
et al. 1992; Templeton 1992, 1993) as well as supported
(e.g., see Horai et al. 1995; Penny et al. 1995; Zischler
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et al. 1995). Over the past few years, large numbers
of sequences, particularly of the hypervariable region I
(HVR I) of the mitochondrial control region, have been
determined from individuals representing many regions
of the world (DiRienzo and Wilson 1991; Ward et al.
1991, 1993; Piercy et al. 1993; Shields et al. 1993; Tor-
roni et al. 1993a, 1993b; Pult et al. 1994; Santos et al.
1994; Batista et al. 1995; Bertranpetit et al. 1995; Kol-
man et al. 1995; Mountain et al. 1995; Sajantila et al.
1995). However, apart from the six African groups orig-
inally studied (Vigilant et al. 1991), HVR I sequences
from only one additional African group have been pub-
lished (Graven et al. 1995). In order to survey the mito-
chondrial sequence diversity in Africa, we have deter-
mined HVR I sequences from a total of 241 individuals
from nine ethnic groups in Africa.

Subjects, Material, and Methods

Blood samples were collected from unrelated individ-
uals at hospitals and rural medical clinics in Kenya, Ni-
geria, and Niger. The ethnicity and place of birth of the
individuals, as well as of their parents and, whenever
possible, of their maternal and paternal grandparents,
were noted. All samples were obtained after informed
consent under forms approved by the Massey University
Ethics Committee was obtained.
Two aliquots of 0.75 ml of whole blood were drawn

from each individual and were suspended in 0.75 ml of
100 mM Tris, 100 mM EDTA, and 1% SDS, and sam-
ples were stored at ambient temperatures. To extract
DNA, 400 ml of the blood/buffer solution was added
to 200 ml of NaCl (100 mM), DTT (80 mg/ml), and
proteinase K (10 mg/ml) and was incubated at 370C for
3 h. After phenol and chloroform extractions, the DNA
was concentrated in Centricon tubes (Amicon). PCR am-
plification of the HVR I of the mitochondrial control
region was performed by using the primers H16498 5'-
CCT GAA GTA GGA ACC AGA TG-3' (biotinylated)
and L15926 5'-TCA AAG CTT ACA CCA GTC TTG
TAA ACC-3'. The strands were separated by using Dy-
nabeads (Dynal) and were sequenced by using Sequenase
2.0 (United States Biochemicals) with fluorescent prim-
ers H16401 5'-TGA F"IT CAC GGA GGA TGG TG-
3' and L15997 5'-CAC CAT TAG CAC CCA AAG CT-
3' on an automated laser fluorescence sequencer (A.L.F.;
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Pharmacia). The sequences were determined from posi-
tion 16024 to position 16383 (Anderson et al. 1981)
and were aligned by using ESEE (Cabot 1993).
The 241 new sequences determined were aligned with

published control-region sequences. After exclusion of
published sequences with one or more undetermined
position, 146 previously published (Vigilant et al. 1991;
Graven et al. 1995) African sequences remained. These
stemmed from 87 Mandenka, 19 !Kung, 17 Biaka, 11
Mbuti, and 12 Yoruba. The Hadza and Herero samples
were excluded, since all sequences contained undeter-
mined positions. Pairwise differences within and be-
tween the population samples were calculated by using
an unpublished program by A.v.H. Genetic distances
between two populations (DS) were calculated as fol-
lows: DS = max{0, D12 - (D1 + D2)12, where D12
mean pairwise difference between populations 1 and 2
and D1 and D2 mean pairwise difference within popula-
tions 1 and 2, respectively (Nei 1987). These distance
values were used to construct a neighbor-joining tree
(Saitou and Nei 1987), as implemented in PHYLIP 3.5
(Felsenstein 1990).

Results

DNA Sequences
DNA sequences of the HVR I of the mitochondrial

control region were determined from 27 Somali, 37 Tur-
kana, and 25 Kikuyu individuals in eastern Africa and
from 26 Tuareg, 14 Kanuri, 20 Hausa, 61 Fulbe, 21
Yoruba, and 10 Songhai individuals in western Africa
(fig. 1 and table 1). Among the 341 homologous posi-
tions determined, 126 positions showed nucleotide dif-
ferences. At 19 of these positions, transversions were
observed. In addition, length variation occurred in and
adjacent to a region that in some individuals is com-
posed of 10 consecutive CG base pairs. In total, the
sequence differences defined 174 lineages.

In order to obtain an overview of the mitochondrial
sequence diversity in Africa, the 241 newly determined
sequences and the 148 previously published ones (Vigi-
lant et al. 1991; Graven et al. 1995) were aligned.
Among the 389 sequences analyzed, 232 different lin-
eages existed. The mean pairwise difference among all
sequences was 8.46 ± 3.36, and the maximum number
of observed differences was 21.

African mtDNA Diversity
Table 2 shows the mean pairwise sequence differences

within and between the 13 African populations. The
within-group sequence diversity of 12 of the groups var-
ies between 6.2 and 10.6, whereas the !Kung have a
mean of only 2.9. Figure 2 shows the distributions of
pairwise sequence differences within the groups. Ten
populations show distributions that are similar to each

Mandenka o
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Figure 1 Map of Africa. Boundaries of groups are adapted from
Murdock (1959). Dashed lines indicate a wide distribution of an ethnic
group, often mixed with other groups. For the Fulbe, which have a
larger range, the area indicated represents the region from which the
samples analyzed derive.

other in that they have relatively few (0.4%-4.5%)
identical sequence pairs and tend to have a bell-shaped
distribution with a mode located between 6 and 10 dif-
ferences. In contrast, three groups-the !Kung, Mbuti,
and Biaka (formerly known as Eastern and Western Pyg-
mies, respectively)-have relatively many (11%-31%)
identical sequence pairs and show "bumpy," or "rug-
ged," distributions, where no tendency for a defined
peak can be discerned. In general, the sample sizes of
the three latter groups are smaller (11-19) than those
(10-87) of the other groups studied. However, it is un-
likely that the bumpy distributions of pairwise sequence
in the former groups are due simply to small sample
size, because the other groups with small sample sizes
(Songhai [10], Kanuri [14], and Hausa [20]) show a
clear tendency toward bell-shaped distributions. Fur-
thermore, when the groups with bumpy distributions
are pooled, they still show a bumpy distribution,
whereas, when other groups with small sample sizes are
combined, they show bell-shaped distributions even
more clearly than when they are analyzed individually.
When the between-group sequence differences are an-

alyzed (table 2), the mean pairwise differences among
the 10 groups that have bell-shaped distributions of se-
quence differences vary between 6.6 and 10.6, with an
average genetic distance corrected for intrapopulation
differences (i.e., DS) of 0.32. The mean pairwise se-
quence differences among the three groups with bumpy
distributions vary between 8.8 and 9.2, with a mean
genetic distance of 3.1. Thus, when distances between
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Table 1

Summary of Relevant Information for 13 African Populations

Population Size Sample Mean Pairwise No. of
Population Lifestylea (per 1,000) Size Difference Variable Sites

!Kung FC 6 19 2.9 16
Biaka FC 30 17 8.1 17
Mbuti FC 30 11 6.4 11
Kikuyu FP 4,000 25 8.5 49
Somali FP 2,000 27 7.7 45
Turkana FP 200 37 10.7 63
Fulbe FP 8,000 61 7.1 46
Hausa FP 12,000 20 6.2 33
Songhai FP 528 10 9.2 31
Tuareg FP 360 26 7.1 41
Yoruba FP 15,000 33 7.7 47
Kanuri FP 1,000 14 7.5 35
Mandenka FP 800 87 6.6 45

a FC = food collecting (i.e., hunter-gatherer); and FP = food production (i.e., pastorialists and agricul-
turists).

populations are corrected for intragroup diversity, the
diversity between the latter groups is 10 times larger
than that between the former groups. Furthermore, the
pairwise differences between groups with bell-shaped
and rugged distributions vary between 9.4 and 10.7,
with an average genetic distance of 3.5. Thus, the two
types of groups show substantial genetic differentiation
between them.
The differentiation between groups with rugged and

bell-shaped distributions of pairwise sequence differ-
ences is reflected in a neighbor-joining tree (fig. 3). Al-
though the tree is not very stable, the former groups
(!Kung, Mbuti, and Biaka) diverge first. Furthermore,
the geographic distribution of the populations seems

to be reasonably well reflected in the tree in that the
populations from western Africa form a cluster. The
short branches separating these groups indicate the lack
of genetic differentiation among the western African
populations. This is different from the eastern African
populations and the Biaka, Mbuti, and !Kung, which
show a clear separation from each other and from the
remaining populations, as indicated by the long inter-
nal branches.

Demographic History of the Populations
Populations that have been of constant size over a

long time tend to have bumpy distributions, whereas
populations that are exponentially growing or have sud-

Table 2

Mean Pairwise Differences within (on the Diagonal, underlined) and between (above the Diagonal)
Populations, and Genetic Distances (x100) (below the Diagonal) between Populations

Ful Hau Tua Son Kan Yor Man Som Tur Kik Mbu Bia !Ku

Fulbe 7.1 6.7 7.2 8.2 7.2 7.4 7.0 7.7 9.8 8.3 10.1 11.5 10.1
Hausa 3 6.2 6.6 7.7 6.7 7.0 6.7 7.2 9.3 7.8 9.5 10.9 9.5
Tuareg 6 0 7.1 8.1 7.1 7.4 7.1 7.5 9.6 8.1 9.7 11.1 9.6
Songhai 4 0 0 9.2 8.4 8.5 8.2 8.9 10.6 9.3 10.5 11.6 10.7
Kanuri 0 0 0 6 7.5 7.5 7.2 7.7 9.7 8.2 9.7 11.7 10.1
Yoruba 1 2 0 2 0 7.7 7.3 7.9 9.7 8.3 9.8 11.0 9.4
Mandenka 16 28 28 32 15 14 6.6 7.3 9.7 8.3 10.1 11.4 10.1
Somali 32 25 9 42 10 25 71 7.7 9.8 8.4 10.1 11.7 9.8
Turkana 93 88 74 68 67 55 112 63 10.7 9.7 10.1 11.9 9.9
Kikuyu 42 43 23 35 17 16 66 21 0 8.7 9.4 11.3 9.4
Mbuti 323 328 300 274 281 278 362 296 163 189 6.4 10.8 8.8
Biaka 391 376 346 293 394 307 401 379 249 294 356 8.1 8.8
!Kung 508 503 464 466 493 413 541 447 316 362 419 336 2.9
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Figure 3 Neighbor-joining tree based on the genetic differences
between the African populations (see table 2). The tree was rooted
by using the genetic differences between the 13 populations and 60
chimpanzee control-region sequences. Negative branch lengths were
set to zero.

tion that the !Kung, Biaka, and Mbuti have been of
constant size over the time covered by the coalescence
for the HVR I sequences, whereas the other groups have
experienced an increase in population size.
The genealogies generated by the coalescent process

depend strongly on the history of a population. Whereas
samples from a population of constant size produce a
genealogy in which the lengths of branches between coa-
lescent events increase progressively going back in time,
the shape of a coalescent tree formed under the assump-
tion of exponential growth is more starlike. This differ-
ence in the genealogies results in different ratios of num-
bers of variable positions to mean pairwise sequence
differences. In order to test the hypothesis that the
!Kung, Biaka, and Mbuti have been of roughly constant
size whereas other African groups have been growing,
the mean pairwise sequence differences and the number
of variable sites for the populations studied were calcu-
lated (table 1). It can be seen that for the !Kung, Biaka,
and Mbuti the number of variable sites is always smaller
than those for the remaining populations. If a popula-
tion is of constant size, coalescence theory provides two
methods to estimate the parameter 0, defined as 2Ng,
where N is the effective female population size and ,u is

denly expanded in the past tend to have distributions of
differences that are more smooth and bell shaped (Slat-
kin and Hudson 1991; Rogers and Harpending 1992).
It is therefore tempting to suggest that the difference in
distributions between the Biaka, Mbuti, and !Kung and
the other populations studied reflects a difference in their
demographic history. However, evolutionary scenarios
other than the one outlined above may lead to bell-
shaped and bumpy distributions (Marjoram and Don-
nelly 1994).

Fortunately, Nee et al. (1995) have recently developed
a graphical method that uses the relative depths of co-
alescence events in molecular phylogenies to distinguish
between populations that have been of constant size and
those that have been growing. For this analysis, the se-
quences from the Biaka, Mbuti, and !Kung were pooled,
whereas the sequences from other populations were ana-
lyzed separately. In figure 4, the number of lineages in
phylogenies of mitochondrial sequences found within
the populations are plotted against "time," expressed as
transformed amounts of sequence difference (Nee et al.
1995), both under the assumption of constant popula-
tion size and under the assumption of exponential
growth. For !Kung, Biaka, and Mbuti a reasonable fit
to a straight line is seen when constant population size
is assumed, whereas the fit to a straight line is slightly
worse when exponential growth is assumed. In contrast,
all other groups display patterns consistent with expo-
nential growth. The Fulbe serve as a representative ex-
ample in figure 4. Thus, these analyses support the no-

Food gatherers
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Figure 4 Population plots for food-gathering populations
(!Kung, Mbuti, and Biaka) and a food-producing population (Fulbe).
The plots on the left display the relationship between times to coales-
cence and numbers of lineages present under the assumption of con-
stant population sizes. The plots on the right show the decrease of
the number of lineages under the "epidemic" transformation, under
the assumption of population growth (Nee et al. 1995).
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the mutation rate per sequence and generation. First,
0 can be estimated from the mean pairwise sequence

difference, d, i.e., 0 = d. Second, 0 can be estimated
from the number of variable sites S. as 0 = S/Y,( 1/i),

where n is the sample size. Under the assumption of
constant population size over time, it follows that 0 = 0,
which is equivalent to

n-1

S = 0 I (l/i) .

i=l
(1)

If the observed number of variable sites S is significantly
larger than 0I1(1/i), this indicates that an expansion
may have affected the population (Tajima 1989). To
test this, we computed the distributions of the number
of variable sites by computer simulations, assuming con-

stant population sizes over time and using the observed
mean pairwise differences as estimates of 0. These distri-
butions were then compared with observed numbers of
variable sites.

In order to increase the sensitivity of the analyses, it
was necessary to pool the 3 food-gathering and the 10
food-producing populations. The mean pairwise differ-
ence for the !Kung, Biaka, and Mbuti is 8.01, and 35
variable sites are observed among the 47 sequences.

When equation (1) is used, with d as an estimate of 0,
the expected number of variable sites is exactly 35.
Hence, this test supports the view that the !Kung, Biaka,
and Mbuti are more or less of constant size over the
time covered by coalescence. For the food-producing
populations, a mean pairwise difference of 7.9 and 118
variable sites among the 340 sequences are observed.
However, 51 variable sites are expected. Since the ob-
served number of 118 is outside the 95% confidence
interval (i.e., 30-73), the notion that these groups have
expanded their size is supported. Incidentally, if a ran-

dom subsample of 47 sequences (the sample size of the
!Kung, Biaka, and Mbuti) is taken from these groups,

59 variable sites are observed. This value is just larger
than the critical value of 58 (a = .05; one-sided test).
Thus, even for a sample of the same size as the !Kung,
Biaka, and Mbuti sample, the hypothesis of constant
size for the other groups is rejected.

Most Recent Common Ancestors of the Populations
As shown above, the !Kung, Biaka, and Mbuti have

been of constant size over a long time, whereas the other
groups either are currently growing exponentially or have
expanded in the past. For each of these three evolutionary
scenarios it is possible to estimate the age of the most

recent common ancestor of the sample. For the two first
scenarios the method of Weiss and von Haeseler (1996)
was applied, and for the sudden expansion model Rogers's
(1995) formula for computing the time of an expansion

Table 3

Estimates of Expected Times (Years) to the Most Recent Common
Ancestor of the Population Samples, under Three Assumptions

Constant Exponential Sudden
Population Sizea Growth' Expansionc

!Kung 40,000 34,000 4,000
Biaka 54,000 23,000 19,000
Mbuti 40,000 23,000 10,000
Kikuyu 116,000 35,000
Somali 103,000 34,000
Turkana 140,000 33
Fulbe 88,000 26,000
Hausa 81,000 NA
Songhai 91,000 36,000
Tuareg 94,000 26,000
Yoruba 101,000 32,000
Kanuri 94,000 29,000
Mandenka 79,000 9

NoTE.-The substitution rate used is .0025 per sequence and gener-
ation (Ward et al. 1991), and the generation time is 20 years. An
underlined entry is a date that was calculated by using the model
expected to be most appropriate for the population.

a The maximum-likelihood estimate of 0, given the number of ob-
served variable sites, was computed. Based on this, the conditional
probability distribution for the time to the most recent common ances-
tor was computed, and the expected time to coalescence for this distri-
bution was estimated.

b Based on the current number of females (see table 1). The same
computational procedure was employed as was used for "Constant
Size."

c Estimate of expansion time if the model of "Pleistocene population
explosion" (Rogers 1995) is adopted.

was used. It can be seen in table 3 that, when the model
with constant size is used, the coalescence times of the
lineages in the !Kung, Biaka, and Mbuti are, on average,
45,000 years old. In contrast, when the models of expo-
nential or sudden growth are used, the coalescences in the
eastern African populations (Kikuyu, Somali, and Tur-
kana) are slightly younger (30,000 years), whereas those
in the western African populations are -24,000 years old.
The estimated times agree quite well with published ones
(Sherry et al. 1994). One should be aware, however, that
these estimates have a huge variance and that they are
dependent on evolutionary rate estimates that are ex-
tremely tenuous.

Discussion

Among the groups analyzed, the Mbuti, Biaka, and
!Kung rely on hunting and food gathering for their sub-
sistence, whereas the other groups practice agriculture
and animal husbandry. The data suggest that the genetic
diversity and demographic history of these two groups
are dramatically different in at least four respects.

First, the 3 food-gathering groups have bumpy distri-
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butions and a high proportion of identical lineages,
whereas the 10 groups that rely on agriculture and/or
cattle herding have bell-shaped distributions and few
identical lineages (fig. 2). These patterns of distribution
of pairwise sequence differences are reminiscent of the
situation in other parts of the world. In India, the Mukri,
a hunter-gatherer population, have a bumpy distribu-
tion, with 7.2% identical pairs, whereas the Havik, a
food-producing population, display an essentially bell-
shaped distribution, with 0.8% identical pairs (Moun-
tain et al. 1995). Similarly, in Europe, three groups (Brit-
ish, Swiss, and Finns) have bell-shaped distributions,
with <6% of pairs being identical (Pult et al. 1994),
whereas the Saami, the only group in the region that
until relatively recently was nonagriculturalist, have a
rugged distribution, with 18% of the pairwise compari-
sons being identical (Sajantila et al. 1995). Thus, it seems
to be a general pattern that food-producing populations
have bell-shaped distributions of pairwise sequence dif-
ferences, whereas food gatherers have rugged distribu-
tions and many identical sequences. An apparent excep-
tion to this are the Herero (Harpending et al. 1993),
who were excluded from these analyses because of large
amounts of undetermined nucleotide positions (Vigilant
et al. 1991). A possible reason for this may be a recent
population-size bottleneck that has affected the Herero
(Harpending et al. 1993).

Second, the pattern of mitochondrial sequence varia-
tion in food-producing groups suggests that these popu-
lations have experienced an enlargement in size, whereas
the food gatherers have been of constant population size
for a long time. When this is taken into account, the time
to coalescence is generally larger for the food-gathering
groups than for the food-producing groups (table 3).

Third, the mitochondrial diversity in Africa indicates
a substantial differentiation between food gatherers and
food producers (table 2). This may not be altogether
surprising. The transition from an economy based on
hunting and gathering to one based on food production
results in a drastic increase in population size (Ammer-
man and Cavalli-Sforza 1984), as well as in environmen-
tal changes. The latter are due both to the effects of food
production per se-for example, clearing of forests and
erosion by grazing-and to the environmental pressure
caused by a larger number of individuals inhabiting an
area. A group that has made this transition may there-
fore subsequently change its mode of food production
but will be unlikely to return to an economy based on
food gathering. Consequently, the groups that are
hunter-gatherers today can be expected to have persisted
as such for a long time. This is reflected in their extensive
genetic differentiation from food-producing groups and
from each other.

Fourth, the data indicate that the food-gathering
groups have been isolated from each other over a long

period, whereas food-producing groups differ much less
from each other. This may be due to the common ori-
gin(s) of food-producing groups, which is associated
with both the domestication of major crops (Ammerman
and Cavalli-Sforza 1984) and a lower amount of genetic
drift in the larger populations. It may also be due to
more extensive female gene flow between food-produc-
ing groups, whose larger numbers and, in some cases,
pastoralist lifestyle may facilitate contacts over large
geographic distances. Further work in other African
groups, as well as elsewhere, will show whether these
differences between food-producing and food-gathering
groups are typical of all or most such groups.
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